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Corrosion behaviorSmooth copper coatings containing well-distributed silicon nitride particles were obtained by co-
electrodeposition in acidic sulfate bath. The cathodic current density did not show signiﬁcant inﬂuence on
incorporated particle volume fraction, whereas the increase of particle concentration in the bath led to its
decrease. The increase of stirring rate increased the amount of embedded particles. The microhardness of the
composite layers was higher than that of pure copper deposits obtained under the same conditions due to
dispersion-strengthening and copper matrix grain reﬁnement and increased with the increase of
incorporated particle volume fraction. The microhardness of composites also increased with the increase of
current density due to copper matrix grain reﬁning. The composite coatings presented higher strength but
lower ductility than pure copper layers. Pure copper and composite coatings showed the same corrosion
resistance in 0.5 wt.% H2SO4 solution at room temperature.+55 12 31533006.
lsevier OA license.© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The incorporation of solid particles during metal electrodeposition
is an attractivemethod to improve the properties of the coatings, such
as mechanical, wear and corrosion resistance [1,2]. The co-electrode-
position consists in electrolyzing a solution containing the metallic
salts and the particles in suspension. The electrolysis parameters
(composition of the bath, pH, temperature, cathodic current density,
and stirring rate) and the particle characteristics (type, mean size and
concentration in the bath) generally determine the amount of incor-
porated particles, and consequently the composite coating properties.
The copper electroplates are widely used in engineering applica-
tions due to their high electrical and thermal conductivity, good
ductility and good corrosion resistance. Nevertheless, they show low
mechanical and wear resistance. In order to improve or modify the
properties of copper coatings, particles of ceramic [3–12], metallic or
intermetallic [13–15] and polymericmaterials [16], as well as graphite
[6], carbon nanoﬁbers [17] and microcapsules containing lubricants
[18] were incorporated to copper.
The variation of the incorporated particle content as a function of
electrolysis parameters depends on the type and characteristics of
particles. For example, an increase in SiC particle content in copper
coatings when current density increased from 20 to 50 mA cm−2
followed by a decrease for higher densities was observed [19], whereas
the incorporated Al2O3 particle fraction diminished when the current
density increased from 10 to 70 mA cm−2 [5]. Moreover, the size of SiC
particles was shown to inﬂuence greatly the amount of incorporatedparticles [19]. Disagreements between published results were also
noted. For example, an increase in incorporated SiC particle fraction
when the particle concentration in the bath increased from 15 to
35g L−1 followed by a decrease between 35 and 45 g L−1 was observed
by Zhu [19]. Differently, Stankovic [6] only evidenced an increase in SiC
particle content when the particle concentration in the bath increased
from 20 to 125 g L−1.
The properties of the composite layers are also dependent on the
type of incorporated particles. For example, the incorporation of Al2O3
[6,7,20], SiC [6], CeO2 [12] and WC [21] particles to copper increases
the microhardness of the coatings whereas the incorporation of both
MoS2 and graphite [6] has the opposite effect.
The aim of the present work was the production of copper–silicon
nitride (Cu–Si3N4) electrocomposites from acidic sulfate bath and
their characterization. The inﬂuence of cathodic current density,
particle concentration in the bath and stirring rate on the incorpo-
rated particle volume fraction and on the characteristics of the
coatings (roughness, microstructure, mechanical properties and
corrosion behavior) was analyzed. The properties of the composite
coatings were compared with those of pure copper deposits.
2. Experimental procedure
Cu–Si3N4 composite coatingswereprepared by co-electrodeposition
in aqueous sulfate bath (150 g L−1 CuSO4+30 g L−1 H2SO4) containing
suspended Si3N4 particles at room temperature. The Si3N4 powder of
1.7 μmmean size was maintained in suspension bymagnetic stirring at
240, 400 and550 rpm. Theparticle concentration in thebathwas20 and
40 g L−1.
The electrodeposition runs were performed on AISI 1020 carbon
steel cathodes of 100 mm×6 mm×1 mm dimensions, previously
Fig. 1. X-ray patterns at low angles of pure copper coating, Si3N4 powder and Cu–Si3N4
composite coating.
Fig. 2. Surface morphology of (a) pure copper and (b) Cu–Si3N4 composite coatings
obtained using 20 mA cm−2 current density (for composite: 20 g L−1 particle
concentration and 400 rpm stirring rate).
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placed at the center of a cylindrical electrolytic copper anode of
40 mm diameter, previously etched in dilute HNO3. Cathodic current
densities of 10, 20, 30 and 40 mA cm−2 were applied for 7 h 40 min,
3 h 50 min, 2 h 33 min and 1 h 55 min, respectively, in order to obtain
deposits of approximately 100 μm thickness. The effect of current
density, particle concentration and stirring rate of the electrolyte on
the incorporated particle volume fraction was studied.
Scanning electron microscopy (SEM-LEO VP-1450) was used to
evaluate the coating morphology, the distribution and the amount of
incorporated particles. The percentage of incorporated particles in the
deposits was determined by image analysis of polished cross-section
photomicrographs using the Image Tool 2.0 free software. The
analysis was performed on twenty photographs of each coating
taken at 2000 times magniﬁcation. The mean volume fraction of
incorporated particles was calculated from the twenty values
obtained. The roughness of the composite coatings was measured
using a surface roughness measuring instrument MITUTOYO SJ 201.
The crystallite size (d) of copper in pure copper and composite
coatings was calculated from the XRD line broadening using Sherrer
formulae:
d = 0:9λ = β cosΘð Þ
where λ is the radiation Cu Kα wave length (=1.5418 A), β is the
broadening of (220) peak of copper and Θ is the Bragg angle.
The microindentation hardness of the composite coatings was
measured on polished cross-sections using a Vickers microhardness
tester (MICROMET 2004) applying a 100 g load during 30 s.
Mechanical tests were also performed under load-controlled
conditions using a universal mechanical test machine (MTS 810).
Dog-bone shape deposits of pure copper and Cu–Si3N4 composite
were obtained on titanium substrates of the same shape. Titanium
was chosen because it allows a very poor adhesion of the deposits and
these can be easily removed from the substrate. The composite
specimens were obtained in solution containing 40 g L−1 particles
under 400 rpm agitation. For both pure copper and composites,
current densities of 10 and 30 mA cm−2 were applied during 15 h
20 min and 5 h 6 min, respectively, in order to obtain deposits of
200 μm-thickness. The test specimen had a gage length of 20 mm and
a width of 5 mm. From the load and displacement data, stress–strain
curves were obtained.
The corrosion behavior of composite coatings was evaluated in
naturally aerated 0.5 wt.% H2SO4 solutions at room temperature using
a typical three-electrodes corrosion cell (working electrode: compos-
ite coating; counter electrode: platinum; and reference electrode:
saturated calomel electrode—SCE). Prior to polarization experiments
the working electrodes were immersed in the solution for 1 h, taking
the moment of immersion as zero time. Cathodic and anodic polari-
zation was then carried out potentiodynamically at a 1 mV s−1 sweep
rate. These experiments were performed using an AUTOLAB 30 po-
tentiostat controlled by GPES software.
The morphological and mechanical characteristics and the corro-
sion behavior of Cu–Si3N4 electrocomposites were compared to those
of pure copper electrocoatings obtained under the same electrolysis
conditions.
3. Results and discussion
3.1. Morphology and incorporated particle content
X-ray patterns of all the electrocoatings obtained in copper sulfate
bath containing suspended Si3N4 particles presented the character-
istic diffraction peaks of Si3N4 phase at low angles (Fig. 1). The peaks
were indexed using JCPDS diffraction data [22]. All pure copper and
composite coatings were well-crystallized (Fig. 2). Nevertheless, forthe same electrolysis current density, the composites always pre-
sented a ﬁner-grained copper matrix. This means that the incorpo-
ration of Si3N4 particles has an inhibiting effect on copper grain
growth (Fig. 2a and b). Such behavior was also observed for the
incorporation of ZrO2 [11], CeO2 [12], ZrB2 [14] and Al2O3 particles
[23].
Fig. 3 shows typical SEM micrographs of the cross-section of
composite coatings obtained for different stirring rates but for the
same current density and particle concentration in the bath. The
Si3N4 particles appear as dark spots in the lighter copper matrix. The
Fig. 3. Cross-sections of Cu–Si3N4 composites obtained in bath containing 20 g L−1
Si3N4 powder using 20 mA cm−2 current density and (a) 240, (b) 400 and (c) 550 rpm
stirring rates.
Fig. 4. Incorporated Si3N4 particle volume fraction in Cu–Si3N4 composite coatings as a
function of cathodic current density, stirring rate and particle concentration in the bath.
4598 A. Robin et al. / Surface & Coatings Technology 205 (2011) 4596–4601distribution of the Si3N4 particles was homogeneous for all compo-
site coatings but the incorporated particle volume fraction was
dependent on experimental conditions. In the case of Fig. 3, the Si3N4
incorporated volume fraction measured by image analysis was 2.7%,
7.3% and 9.6% for 240 rpm, 400 rpm and 550 rpm stirring rates,
respectively.
The inﬂuence of cathodic current density, Si3N4 particle concen-
tration in the bath and stirring rate on the incorporated particle
volume fraction in composite coatings is shown in Fig. 4. Maintaining
two parameters to constant values and varying the third one, it can be
observed that: (i) current density did not inﬂuence the incorporated
particle volume fraction; (ii) in the other hand, increasing particle
concentration in the bath from 20 to 40 gL−1 decreased the
incorporated particle volume fraction; (iii) inversely, an increase in
stirring rate increased the incorporated particle volume fraction.
The following reasons can explain the effect of the investigated
electrodeposition parameters on the amount of Si3N4 incorporatedparticles in copper: (i) the relative independence of the current
density on the incorporated particle volume fraction could be related
to the diffusion control of the copper cations deposition; (ii) the
decrease of the incorporated particle volume fraction with increasing
concentration of particles could be due to collision factor, i.e. the
chance of collisions between particles increases with increasing
particle concentration in the bath and leads to the decrease of the
incorporated particle volume fraction; and (iii) the increase of the
incorporated particle volume fraction with increasing stirring rate can
be related to the higher amount of particles reaching the cathode.
Comparison of the inﬂuence of variables on incorporated Si3N4
particle volume fraction with published data is difﬁcult since it was
veriﬁed that the evolution of the amount of incorporated particles to
copper and also other metals is highly dependent on the electrolysis
conditions (ranges of current density and stirring rate), and type, size
and range of particle concentration. For example, our results about the
effect of current density disagree with those of both Zhu [19] and
Hayashi [5]. For nearly the same range of current density, an increase
in current density led to an increase of SiC particle content in copper
[19] but to a decrease of incorporated Al2O3 particle fraction [5]. The
same discrepancies with published results were also observed
for the effect of particle concentration in the bath [6,19]. Generally,
the increase of stirring rate or ﬂow speed was shown to increase
the incorporated particle content [7,24], but when the agitation is too
high, freshly adsorbed particles can be carried away due to collision
factor, which decreases the amount of embedded particles.
Fig. 5a and b shows the variation of surface roughness of pure
copper and Cu–Si3N4 composite coatings as a function of cathodic
current density and incorporated particle content, respectively.
Cathodic current density has little and not well deﬁned inﬂuence on
roughness, when compared to the effect of the amount of embedded
particles. Pure copper and composites with low particle content
(b3.1%) present roughness between 1.4 and 2.7 μm, while composites
with particle content between 5.2 and 10.4% are smoother (roughness
between 0.4 and 1.5 μm). Since both copper and composite coatings
are relatively smooth, it is expected that the lower roughness could be
related to the lower grain size of copper matrix due to particle
incorporation, as shown in Fig. 2. This behavior was also reported for
other pure metal and composite electrocoatings [21,25].
The crystallite size of the copper matrix for pure copper and
composite coatings is reported in Table 1. The values are in the 23–
58 nm range, close to that reported by Mangam [12] for Cu–CeO2
composites. The crystallite size decreases with increasing both current
density and incorporated particle fraction, attesting the reﬁnement of
structure.
Fig. 5. Ra mean surface roughness of pure copper and Cu–Si3N4 composite coatings as a
function of (a) cathodic current density, stirring rate and particle concentration in the
bath, and (b) incorporated Si3N4 particle volume fraction.
Fig. 6.Microhardness of pure copper and Cu–Si3N4 composite coatings as a function of
(a) cathodic current density, stirring rate and particle concentration in the bath, and (b)
incorporated Si3N4 particle volume fraction.
4599A. Robin et al. / Surface & Coatings Technology 205 (2011) 4596–46013.2. Mechanical properties
The variation of microhardness of pure copper and composite
coatings with cathodic current density and incorporated particle
content is shown in Fig. 6a and b, respectively.
An increase of microhardness with increasing cathodic current
density occurs and the evolutions of microhardness are very similar
for both deposits (Fig. 6a). Nevertheless, the microhardness of the
composites was higher than that of pure copper. The increase in
microhardness of pure copper coatings with increasing current
density is attributed to copper grain reﬁning, due to a higher copper
crystal nucleation rate [26]. Since the incorporated particle volume
fraction in composites was shown not to depend signiﬁcantly onTable 1
Crystallite size (in nm) of the copper matrix in pure copper and composite coatings.
Coating Cathodic current density/mA cm−2
10 20 30 40
Cu–0%Si3N4 56 58 28 28
Cu–3%Si3N4 30 29 27 24
Cu–7%Si3N4 26 26 24 23cathodic current density (Fig. 4), the increase in composite micro-
hardness with the increase of current density was also due to the
reduction of copper matrix grain size.
At constant current density, microhardness increases with in-
creasing of incorporated Si3N4 particle content (Fig. 6b). Two
phenomena occurring simultaneously can explain this behavior: (i)
dispersion-strengthening; in this case the copper matrix carries the
load and the small Si3N4 particles hinder dislocation motion; (ii)
copper matrix grain reﬁnement; the increase of copper grain
boundaries due to Si3N4 particle incorporation also turns difﬁcult
the dislocation motion. The higher microhardness of copper-particle
composite coatings when compared to that of pure copper was also
observed for the incorporation of other types of particles, such as SiC
[6,19], Al2O3 [6,7], CeO2 [12] and ZrB2 [15].
Fig. 7 shows the stress–strain curves of pure copper and composite
coatings obtained using 10 and 30 mA cm−2 cathodic current density.
As expected from microhardness measurements, the ultimate tensile
strength of composites is higher than the value of pure copper
coatings obtained using the same current density. For both materials
the ultimate tensile strength increases with the increase of current
density. The strain at failure for the composites is lower than the value
of pure copper deposits, which indicates that the coatings become less
ductile with Si3N4 particle incorporation. The values of ultimate
Fig. 7. Stress–strain curves of pure copper and Cu–Si3N4 composite coatings obtained
using 10 and 30 mA cm−2 current density (for composites 40 g L−1 Si3N4 concentra-
tion and 400 rpm stirring rate; nearly 6% incorporated particle content).
Table 3
Corrosion potential and corrosion current density of pure copper and Cu–Si3N4
composite coatings (obtained using 10 and 30 mA cm−2) in 0.5 wt.% H2SO4 solution at
room temperature.
Pure copper Pure copper Composite Composite
Cathodic current density/mA cm−2
10 30 10 30
Corrosion potential/V/SCE −0.091 −0.084 −0.076 −0.097
Corrosion current
density/μAcm−2
11.5 10.1 10.4 11.0
4600 A. Robin et al. / Surface & Coatings Technology 205 (2011) 4596–4601tensile strength and strain at failure for pure copper and composite
coatings obtained from Fig. 7 are reported in Table 2.
3.3. Corrosion behavior
The corrosion potentials of pure copper and composite electro-
coatings (obtained using 10 and 30 mA cm−2 deposition current
density) measured after one hour immersion in 0.5 wt.% H2SO4
solution are nearly the same (Table 3). In the same solution, Benea
[11] measured corrosion potentials of −0.107 and −0.134 V/SCE for
pure copper and Cu–ZrO2 composite electrocoatings, respectively.
Values like−0.081 [27],−0.016 [28],−0.063 [29],−0.031 [30] and
−0.053 V/SCE [31] were reported for commercial pure copper in
0.5 wt.% H2SO4 solution.
The shapes of the polarization curves of both pure copper and
composite coatings (Fig. 8) are also very similar which shows that the
anodic and cathodic reactions occurring on both surfaces are identical.
The anodic dissolution of copper in sulphuric acid occurs in two steps
[27,28] according to:
Cu→Cu Ið Þads + e
Cu Ið Þads→Cu2 + þ e
where Cu(I)ads is an adsorbed Cu(I) species or Cu2O compound.
The cathodic reactions in naturally aerated solutions are due to
oxygen reduction close to the null-current potential, followed by H+




Ultimate tensile strength and strain at failure for pure copper and composite coatings
obtained from Fig. 7.
Pure copper Pure copper Composite Composite
Cathodic current density/mA cm−2
10 30 10 30
Ultimate tensile
strength/MPa
170 205 200 247
Strain at failure/% 11.1 2.9 2.0 1.0Table 3 shows the corrosion current density of both pure copper
and composite coatings determined by extrapolation method. No
signiﬁcant difference between the corrosion resistance of pure copper
and composite coatings is observed from these results. All the cor-
rosion current densities are around 10–11 μA cm−2, which is found in
the range reported for commercial pure copper in 0.5 wt.% H2SO4
solution, i.e. 1.7 to 22.5 μA cm−2 [27–31]. Benea [11] found higher
values for pure copper and Cu–ZrO2 composite electrocoatings in the
same solution, 88 and 23 μA cm−2, respectively.
As the composites have similar corrosion resistance than pure
copper, it can be suggested that the decrease in corrosion current
density expected from the reduction of copper matrix area in
composites was balanced by the increase in corrosion current density
expected from copper grain reﬁnement [32].4. Conclusions
Smooth Cu–Si3N4 composite electrocoatings with uniform particle
distribution were obtained on carbon steel by electrolysis of acid
sulfate bath containing suspended Si3N4 particles.
The incorporated particle volume fraction was not inﬂuenced by
the cathodic current density but an increase of particle concentration
in the bath led to its decrease. The increase of stirring rate increased
the amount of embedded particles.
The microhardness of the composite coatings was higher than that
of pure copper due to dispersion-strengthening and copper matrix
grain reﬁnement and increased with the increase of incorporated
Si3N4 particle content.
The microhardness of both pure copper and composite coatings
increased with an increase in cathodic current density due to copper
matrix reﬁning.Fig. 8. Polarization curves recorded in 0.5 wt.% H2SO4 solution at room temperature for
pure copper and Cu–Si3N4 composite coatings obtained using 10 and 30 mA cm−2
current density (for composites 40 g L−1 Si3N4 concentration and 400 rpm stirring rate;
nearly 6% incorporated particle content).
4601A. Robin et al. / Surface & Coatings Technology 205 (2011) 4596–4601No difference in corrosion resistance was observed for pure copper
and composite coatings in 0.5 wt.%H2SO4 solution at room temperature.
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